One unexplored aspect of HIV-1 genetic architecture is how codon choice influences 27 population diversity and evolvability. Here we compared the development of HIV-1 28 resistance to protease inhibitors (PIs) between wild-type (WT) virus and a synthetic 29 virus (MAX) carrying a codon-pair re-engineered protease sequence including 38 (13%) 30 synonymous mutations. WT and MAX viruses showed indistinguishable replication in 31 MT-4 cells or PBMCs. Both viruses were subjected to serial passages in MT-4 cells 32 with selective pressure from the PIs atazanavir (ATV) and darunavir (DRV). After 32 33 successive passages, both the WT and MAX viruses developed phenotypic resistance to 34 PIs (IC 50 14.6 ± 5.3 and 21.2 ± 9 nM for ATV, and 5. 9 ± 1.0 and 9.3 ± 1.9 for DRV, 35 respectively). Ultra-deep sequence clonal analysis revealed that both viruses harbored 36 previously described resistance mutations to ATV and DRV. However, the WT and 37 MAX virus proteases showed different resistance variant repertoires, with the G16E and 38 V77I substitutions observed only in WT, and the L33F, S37P, G48L, Q58E/K, and L89I 39 substitutions detected only in MAX. Remarkably, G48L and L89I are rarely found in 40 vivo in PI-treated patients. The MAX virus showed significantly higher nucleotide and 41 amino acid diversity of the propagated viruses with and without PIs (P < 0.0001), 42 suggesting higher selective pressure for change in this recoded virus. Our results 43 indicate that HIV-1 protease position in sequence space delineates the evolution of its 44 mutant spectra. Nevertheless, the investigated synonymously recoded variant showed 45 mutational robustness and evolvability similar to the WT virus. 46 47 IMPORTANCE how a virus's position in sequence space defines its mutant spectrum, evolutionary 51 trajectory, and pathogenesis. In this study, we evaluated how synonymous recoding of 52 the human immunodeficiency virus type 1 (HIV-1) protease impacts the development of 53 protease inhibitor (PI) resistance. HIV-1 protease is a main target of current 54 antiretroviral therapies. Our present results demonstrate that the wild-type (WT) virus 55 and the virus with the recoded protease exhibited different patterns of resistance 56 mutations after PI treatment. Nevertheless, the developed PI resistance phenotype was 57 indistinguishable between the recoded virus and the WT virus, suggesting that the 58 synonymously recoded protease HIV-1 and the WT protease virus were equally robust 59 and evolvable.
48
Large-scale synonymous recoding of virus genomes is a new tool for exploring various 49 aspects of virus biology. Synonymous virus genome recoding can be used to investigate 50 INTRODUCTION 62 Alterations in a DNA or mRNA sequence that do not change the protein amino acid 63 sequence are called synonymous mutations. Although they do not influence the 64 resulting protein sequence, synonymous mutations can still substantially affect cellular 65 processes (1, 2). Notably, synonymous virus genome recoding can impact viral 66 replication capacity and fitness (3), reportedly leading to attenuation of multiple RNA 67 and DNA viruses, including poliovirus (4-7), influenza virus (8, 9) , HIV-1 (10-12), SIV substitutions, which minimizes the risk of phenotypic reversion via point mutations or 78 through recombination with homologous sequences in circulating strains. This is 79 particularly important with regards to RNA viruses, since viral RNA polymerases lack 80 error-correction mechanisms (25) (26) (27) . The high genetic variability of RNA viruses is a 81 critical limitation when designing novel antiviral strategies. 82 The usefulness of synonymous virus genome recoding goes beyond the 83 generation of new live attenuated vaccines. This method has also been used to identify 84 specific RNA structures required for virus replication (28), virus genome cis-inhibitory 85 signal sequences important for complex viral functions (23), and novel antiviral 86 mechanisms within the innate immune response (11, 29, 30) , as well as to resolve the 87 importance of codon usage in the temporal regulation of viral gene expression (31). In 88 one interesting example, synonymous virus genome recoding was used to demonstrate 89 that a synonymous position in sequence space can impact poliovirus evolvability and 90 pathogenesis (32, 33) . 91 Like other RNA viruses, human immunodeficiency virus type 1 (HIV-1) 92 populations comprise a closely related mutant spectra or mutant clouds termed viral 93 quasispecies (34, 35) . Mutant cloud composition can impact virus evolvability, fitness, 94 and virulence (25) (26) (27) . One unexplored aspect of HIV-1 genetic architecture is how 95 codon choice influences population diversity and evolvability. It is presently unclear 96 whether HIV-1 sequences have evolved to optimize both protein coding and DNA/RNA 97 sequences. The HIV-1 genome exhibits a particularly striking bias towards enrichment 98 of A-rich codons, which may be a selectable trait (36) and affect innate immune 99 recognition (11, 29) . Similarly, synonymous codon usage can temporally regulate 100 expressions of structural gene products of the simian immunodeficiency virus (SIV)
101
(31) and regulate HIV-1 splicing and replication (12).
102
Here we aimed to explore whether synonymous sequence space influences the 103 development of protease inhibitor (PI) resistance, and to thus determine whether HIV-1 104 evolvability is influenced by the natural position of a protease in sequence space. To 105 this end, we compared the development of HIV-1 resistance to the protease inhibitors 106 atazanavir (ATV) and darunavir (DRV) between wild-type HIV-1 (WT) and synthetic 107 HIV-1 carrying a synonymously recoded protease sequence (MAX). compared the frequencies of resistant mutations. For each of the two studied viruses and 137 the two tested drugs, we sequenced between 1.9 × 10 7 and 4.1 × 10 7 individual protease 138 nucleotides (Table 2) . Sequence clonal analysis revealed no resistance-associated 139 substitutions in viruses propagated without drugs (Table 3) . On the other hand, both WT 140 and MAX viruses propagated in the presence of PIs developed previously described 141 resistance mutations to ATV and DRV (Table 3) . Moreover, the resistance variant 142 repertoire differed between the MAX and WT viruses (Table 3) . Specifically, the G16E 143 substitution was observed only in the WT protease virus propagated with ATV or DRV.
144
Notably, the WT protease required only a transition to develop this substitution, 145 whereas the MAX protease would need two substitutions, a transition, and a 146 transversion. Additionally, the L33F, G48L, Q58E/K, and I89L substitutions were 147 detected only in the recoded MAX protease. Other accompanying substitutions were 148 also detected only in the MAX virus (e.g., E21K, H69Y, and T91S), mainly in the MAX 149 virus (e.g., L10F), or only in the WT virus (e.g., L23I, P39Q, and V77I). Interestingly, 150 some resistance mutations selected by the MAX protease virus (i.e., G48L and I89L), 151 are extremely rare non-polymorphic substitutions in vivo (37). This finding indicates 152 that the MAX protease may explore a different sequence space than that of the WT 153 protease. Similar to G16E, the I89L mutation requires two substitutions in the WT 154 background and only one substitution in the MAX background. However, there were no 155 obvious reasons for the preferential emergence of K45I, G48L, Q58E and I84V in the 156 MAX background. Substitutions L10F, G16E, L33F, Q58E/K, V77I, I84V, and I89L 157 have been previously associated with PIs resistance (38). In contrast, E21K, L23I, 158 P39Q, G48L, H69Y, and T91S have not been described as associated to PIs resistance.
159
To explore the favored emergence in the presence of ATV of G48L, Q58E, I84V 160 and I89L in the MAX background and to determine the effect of these substitutions in 161 the WT background, we used site-directed mutagenesis to introduce this these mutations 162 in both the WT and MAX protease backgrounds. The substitution S37P, preferentially 163 selected in the MAX background when the virus was propagated in the absence of drug 164 (Table 2) , was also included in this analysis. We found that the five generated mutants 165 displayed comparable IC 50 values to ATV in both backgrounds, WT and MAX (Table   166 3). We also determined the replication capacity of these two ten mutant viruses in MT-4 167 cells with and without ATV (Fig. 2) . Similar to the IC50 results, the five tested variants The amino acid mutant repertoire also differed between the WT and MAX 176 viruses when they were propagated without drugs (Table 2) . Only one variant, D30N, 177 was detected in both virus populations. We do not know whether the observed variants 178 are adaptive or neutral mutations. Regardless, completely different mutant spectra were 179 detected in these two viruses. 180 We performed a maximum likelihood phylogenetic reconstruction of all WT and 181 MAX unique amino acid variants that were recovered after 32 MT-4 cell passages in the 182 presence of ATV or DRV. Remarkably, the results showed that the two viruses, which 183 shared an identical starting amino acid sequence, followed different evolutionary 184 trajectories ( Fig. 3 ). Upon visual inspection of these phylogenetic trees, it was also 185 apparent that the MAX protease generated higher amino acid variant diversity (see 186 below). 187 We next compared the overall population nucleotide diversity of the WT and 188 MAX proteases after 32 passages in the absence or presence of ATV or DRV (Table 4 ).
189
Overall, nucleotide sequence diversity was significantly higher in MAX populations 190 propagated with ATV, 0.00946 ± 0.00005 vs. 0.00517 ± 0.00004 (P < 0.0001), but not 191 meaningful differences were observed in the presence of DRV, 0.00490 ± 0.00004 vs. (Table 4 ). Diversity was also strikingly higher in MAX populations when viruses were 197 propagated in the absence of drug (0.00095 ± 0.00001 vs. 0.00057 ± 0.00001, P < 198 0.0001) (Table 4 ). Interestingly, in the absence of drugs, the MAX population showed 199 significantly higher nonsynonymous diversity (0.00117 ± 0.00001 vs. 0.00061 ± 200 0.00001, P < 0.0001) but not synonymous diversity (0.000310 ± 0.00002 vs. 0.00053 ± 201 0.00002, P < 0.0001). This suggested that the WT and MAX viruses are subjected to 202 different selective forces in the absence of pressure from a PI. Compared to WT, the 203 MAX populations also showed higher Shannon's entropy values, another parameter for 204 measuring genetic population diversity (Table 4) Previous research shows that codon usage can determine the mutational robustness, 212 evolutionary capacity, and virulence of poliovirus (32). Earlier results indicate that 213 polioviruses with synonymously mutated capsids were less mutationally robust and 214 displayed an attenuated phenotype in an animal model. However, that study did not 215 focus on how synonymous mutations might affect the development of escape mutations 216 to overcome specific selection pressure targeting a precise virus gene. Here we tested 217 the extent to which a synonymously recoded HIV-1 protease reacted to the specific 218 selective pressure of a PI. Our present study also explored the evolvability of a 219 retrovirus which, in contrast to other RNA viruses, integrates into the host cell genome 220 such that viral proteins are translated from mRNAs using host cellular machinery. 221 We found that the WT and MAX protease viruses displayed different patterns of 222 resistance mutations after PI treatment. These findings extend those of Lauring et al.
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(32), confirming that synonymously recoded and WT HIV-1 proteases occupy different 224 sequence spaces. We further demonstrated that although the MAX and WT proteases 225 occupied different sequence spaces, they still showed similar development of 226 phenotypic resistance to PIs. These findings indicate that the recoded protease did not 227 attenuate the virus' capability to develop PI resistance, strongly suggesting that the 228 MAX protease was as robust as the WT protease with regards to this trait. To our 229 knowledge, this is the first study to investigate the evolvability of a synonymously 230 recoded virus enzyme. Even if the resistance selection was conducted in MT4 cells and 231 the result probably would be qualitatively different in primary cells, our results build on 232 and augment the convincing evidence that recoded proteins occupy a different sequence 233 space.
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In some instances, the different mutant repertoire within the MAX protease 235 background can be easily explained by proximity within the corresponding sequence 236 space (e.g., G16E and L89I). However, with regards to other mutations, the explanation 237 for the difference is not readily apparent (e.g., S37P, G48L, Q58E and I84V). In 238 particular, the G48L substitution is very rarely selected in vivo in patients undergoing PI 239 therapy (37). However, when the above substitutions (S37P, G48L, Q58E, I84V or 240 L89I) were introduced in the WT sequence they showed parallel replication capacities 241 to those observed with a MAX background. We can speculate that the introduced 242 synonymous substitutions affected neighboring residues (e.g., RNA structure).
243
However, it must be noted that the MAX and WT proteases have similar RNA folding 244 free energy (10).
245
One plausible explanation is based on epistatic interactions between protease suggest that the consequences of acquiring primary HIV-1 protease resistance mutations 254 depend on epistatic interactions with the sequence background (41). In our study, over 255 80% of the MAX protease clones harboring the G48L mutation also had the I89L 256 substitution. As mentioned above, I89L requires two nucleotide substitutions in the WT 257 background and only one in the MAX background. In either case, our results strongly 258 suggest that the MAX protease's sequence position affects its genotypic PI resistance 259 profile. Synonymous codons differ in their propensity to mutate and, as previously 260 suggested (25, 32, 42) , this differential access to protein sequence space may affect 261 adaptive pathways.
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Another intriguing finding of our study is that the MAX virus showed higher 263 population diversity in the recoded and targeted gene following propagation in both the 264 absence and presence of PIs. Again, we can speculate that although the MAX virus 265 shows high fitness in tissue culture, it is subjected to greater pressure to changing or 266 reverting to a WT synonymous background. However, remarkably, we detected almost 
